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Abstract
Calcium Silicate Hydrate (C-S-H) acts as the primary binding material that is mainly
responsible for the strength and durability of concrete. C-S-H constitutes approximately 67% of
hydrated ordinary Portland cement by volume.

C-S-H forms with a range of stoichiometric

formula dependent on many factors such as CaO/SiO2 ratio. The continued rise of hydrocarbon
exploration in the United States has developed the need for improved wellbore cementing
materials. Binders with good bond strength to steel and rock interfaces, low shrinkage, and high
cracking strength are sought by the oil and gas industry. The incorporation polymers and nano
materials has evolved into a new generation of C-S-H characterization. Emerging technologies
continue to require the use of materials with enhanced mechanical properties. The intent of this
thesis is to synthesize and analyze the effect of incorporating carboxylated styrene-butadiene
rubber (XSBR), SBR, and XSBR modified with nano materials ranging from 0.25%-1.0%, by
weight of nanoparticles to binder, on the physical, mechanical and chemical characteristics of CS-H. In this work, C-S-H was synthesized by calcining calcium carbonate and combining the
lime, silica and deionized water. XSBR was initially added at levels ranging from 0%-15% to
characterize the effect of incorporating a range of XSBR to isolate the optimal polymer content.
The desired properties then led to the comparison of SBR with XSBR, comparing the property
changes with the addition of the carboxyl group. Finally, the dispersing of nanomaterials in
XSBR were incorporated into the C-S-H slurry at the initial mixing stage. Physical, mechanical,
chemical, and microstructural investigations enabled us to identify the materials-property
relationships showing a reduction in elastic modulus, reactant products, and an increase in strain
at failure, ultimate strength, and water content of C-S-H. We show the possible use of polymermodified C-S-H with improved material properties applicable to the oil and gas industry.
v
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Chapter 1 Introduction

Motivation:
Geologic storage of CO2 and mitigating natural gas leaks has become a top concern as global
warming presents a clear danger to coastal regions and millions of people who inhabit these areas.
Scientists have given dire warning to drastically reduce the amount of greenhouse gasses emitted
into the atmosphere by 2030 or inflict irreversible damage affecting climate patterns and storm
intensity. Further danger has been presented to our ecological systems by oil wellbore integrity
failures such as the Deepwater Horizon oil spill located in the Gulf of Mexico [1]. Methane leaks
are becoming an increasing hazard to the stability of the climate as the effects of methane are
typically 10 times more detrimental than CO2. The massive blowout in Aliso Canyon outside of
Los Angeles California, proves that the microannuli and interfacial bonds can lead to catastrophic
failure while directly impacting the health of the surrounding community and causing irreparable
damage to the atmosphere [2]. As the world population is expected to exceed 9.5 billion by the
year 2050 [3], the demand for fossil fuels will increase with the need for new generation wellbore
sealing and repair materials. All of the above factors make the reason for the continued research to
find new binders that are strong, yet ductile to withstand extreme cyclic loadings that are inherent
to wellbores.
Background:
Calcium-Silicate Hydrate (C-S-H) makes up approximately 67% of the hydrated product in
ordinary Portland cement (OPC) by volume [4]. The C represents lime (CaO), S denotes silica
(SiO2), and H represents chemically attached water molecules (H 2O). Many researchers have
1

characterized the mechanical properties of OPC, concrete, and polymer-modified concrete with
little focus on the individual effect on C-S-H formation in these products. As the morphology and
composition of C-S-H can directly affect the serviceability and performance of concrete [8], further
research is needed to address these issues while enhancing the desired properties sought for specific
applications. C-S-H has shown to form in numerous stoichiometric formula directly dependent on
the CaO, SiO2, and H2O contents available in the reaction [5,6]. Further impact on the highly
variable chemical composition depends on the absorbed, inter-layer, and chemically bound water
which contribute to the difficulties when attempting to characterize C-S-H [7]. The incorporation
of polymers undoubtedly affects the microstructural and chemically bound elements, directly
altering elastic response, hardness, and energy absorption. For this reason, understanding the
microstructure of C-S-H when incorporating polymers is critical in explaining the behavior of
polymer-modified cement products and designing new binders with desired mechanical
characteristics.
Objective:
C-S-H demonstrates complex behaviors reliant on the C/S ratio, curing conditions,
compaction, and not to mention additives, that can interrupt the chemical reaction and
polymerization of silicate chains. The objective of this work is to initiate the specific design of
material properties per the application, enhancing the longevity, serviceability and resiliency of
infrastructure materials. Focus was directed towards the chemical and microstructural variances
directly effecting mechanical responses of the basic binder in hydrated cement: C-S-H. Further
focus was directed towards identifying changes in silicate polymerization and chemical
composition on a nano, micro, and macroscale, allowing further classification of the effects of
polymers and nanomaterials on C-S-H.
2

Scope of work:
In this work the synthesis and the characterization of C-S-H incorporating carboxylated
styrene-butadiene rubber (XSBR) and styrene-butadiene rubber (SBR) polymers and nanomaterials
was conducted to analyze the significance of polymers on the crystalline formation and chemical
structure. Characterization techniques for C-S-H, with an initial C/S ratio of 1.5, and incorporating
various levels of polymers and nanomaterials, were conducted using dynamic mechanical analysis
(DMA) to identify the mechanical response under continuously increasing and sustained loadings.
Thermogravimetric analysis (TGA) along with Fourier Transform Infrared (FTIR) were used to
characterize the chemical composition and the effects that polymers present on the chemical
reaction needed to form C-S-H. Microstructural investigations were carried out by x-ray diffraction
analysis (XRDA), 29Si magic angle spinning nuclear magnetic resonance (MAS NMR), scanning
electron microscopes (SEM), and density determinations to characterize the silicate formation and
polymerization along with physical interactions between the polymers and C-S-H. The techniques
stated above were used to gain an understanding of the overall response of C-S-H while
incorporating SBR polymers and various nanomaterials with the goal of developing C-S-H with
enhanced bond, fracture resistance, and ductility represented by strain at failure when compared to
conventional C-S-H. Polymers and nano materials were the sought material to modify C-S-H in
order to obtain the desired mechanical properties.
Thesis Outline:
The thesis begins with a literature review covering microstructural and chemical
compositions of C-S-H due to C/S ratios and compaction, characterization of polymer-modified
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cement, effects of nanomaterials on cement and polymer modified cement, while covering indepth the techniques used to characterize these materials. Chapter 3 covers the experimental
methods concerning synthesis, material preparation, and procedures used for mechanical,
chemical, and microstructural characterizations of polymer-modified C-S-H. Chapter 4 provides
results and discussion on the main differences of polymer-modified C-S-H compared with
conventional C-S-H. Chapter 5 provides conclusions based on the presented results and suggests
future work to continue the advancements in C-S-H characterization.

4

Chapter 2 Literature Review

2.1 Calcium Silicate Hydrate (C-S-H)
Calcium Silicate Hydrate (C-S-H) is a hydration product representing approximately 67%
by volume in OPC paste and is the main hydration constituent responsible for hardness,
shrinkage, setting time, strength and durability [4,5,8,9]. The hyphens indicate a variable
stoichiometric formula. In cement chemistry, the notation C commonly represent CaO, while S
and H represent SiO2 and H2O respectively. The weak crystalline formation and variable
stoichiometric formula of C-S-H has led to difficulties in classification and correlation between
chemical and mechanical properties. Once available water has been utilized in the reaction
producing C-S-H, diffusion of ions through inner crystalline layers allows the reaction to continue
[8]. This scenario also contributes to the difficulty in classification of C-S-H. Two type of C-S-H
can be found in OPC and are denoted by C-S-H(I) and C-S-H (II), representing a similar structure
of tobermorite and jennite composition and known as high and low density C-S-H [10].
Tobermorite and jennite consist of layers of calcium oxide bound on both sides by silicate
tetrahedra in a Dreierketten formation [10]. Classifications of low and high density C-S-H along
with morphology phases termed inner, middle, outer and late product have been identified by
previous researchers [5,10–13]. Approximately 67% of C-S-H is comprised of a low-density
phase while the high-density phase makes out the rest of the composition. Water plays a critical
role in C-S-H formation and exists in 3 main states defined by capillary water, absorbed water and
interlayer water [14]. Absorption of inner layer water and the role water plays in the formation of
C-S-H also adds to the complexity of the C-S-H chemical structure and classification. To further
explain the role of water in C-S-H, DMA and NMR have been used to pinpoint the structural
5

components of water in the C-S-H microstructure and have observed 2 transitions due to absorbed
and capillary water [15,16].
2.2 CaO/SiO2 Ratio
The CaO/SiO2 ratio denoted by C/S also plays a critical role on the mechanical and
chemical response of C-S-H. C-S-H produced in OPC typically averages a C/S ratio of 1.75 with
a varied range commonly between 0.6 and 2.0 [17]. Hydration time may not directly affect the
C/S ratio found in OPC, but observations point to aging, altering the silicate polymerization and
layer spacing of C-S-H [8]. Synthetic C-S-H has been produced then characterized with results
showing the equivalency of compacted synthetic C-S-H to C-S-H found in OPC mortars and
concrete [18]. It has also been shown that the approximate stoichiometric formula of C-S-H
found in OPC can also be mimicked by synthesis of C-S-H(I) with amorphous silica, lime and
deionized water resulting in a C/S ratio of roughly 1.2 [18]. C-S-H(II) has generally been hard to
produce with limited reaction energy available under ambient temperature and pressure. Ambient
conditions generally yield a maximum C/S ratio of 1.5 [19]. He also showed that the reaction of
C-S-H, in this manner of synthesis, has fully transpired with C/S ratios of 0.8, 1.0, 1.2, and 1.5
after approximately 1 week. Foley et al and Kim et al [20,21], synthesized C-S-H showing the
approximate stoichiometric formulas and nano mechanical characterizations of C-S-H produced
with C/S ratios of 0.9, 1.2, and 1.5. Beaudoin and Feldman [22], used 6 C/S ratios, ranging from
0.6-1.49, produced with a solution of aqueous sodium metasilicate and calcium oxide to calculate
the modulus of elasticity (E) by deflections. Alternative categorization of C-S-H has been
proposed by Nanat [23] describing three types of C-S-H systems denoted by C-S-H(α) for
C/S<1.0, C-S-H(β) for 1<C/S<1.5, and C-S-H(γ) for C/S>1.5. Furthermore, noticeable changes
occur in silicate polymerization by noting mean chain lengths and spacing between layers of C-S6

H when C/S ratio decreases below 1.0. Various methods of synthesis with typical C/S ratios of
0.5-2.0 have been produced by combining CaO and silicic acid, CaO and amorphous silica, by
Atkins and Sugiyama [6,24] respectively, to further characterize the effect of varying C/S ratios
on C-S-H microstructure. Numerous similarities to C-S-H found in OPC were obtained by the
previous researchers stated in this section when C/S ratios of 1.5 were used.
2.3 C-S-H Chemical Composition
Ordinary Portland cement (OPC) transforms through two phases producing 4 key
compounds resulting from an aluminate phase and a silicate phase. The aluminate phase consists
of C3A (CaO)3Al2O3 and C4AF (CaO)4Al2O3Fe2O3, while the silicate phase compounds are C3S
and β-C2S [8,10,25]. OPC and water initiate the chemical reaction from the silicate phase and
produces two key components in crystalline calcium hydroxide (CH) and C-S-H [5]. C-S-H with
its variable stoichiometry is dependent on various conditions ranging from curing conditions to
stability of the chemical reactions. Chemists proposed the early model of C-S-H, as described by
Bernal et. al. [26] dreierketten-based model, with the idea that C-S-H was a layered fibrous
structure that had been connected to 1.1nm tobermorite. Cong and Kirkpatrick [27–29] developed
a more comprehensive model describing the C-S-H model as silicate chains bound by calcium
oxide regions trapping water inside the molecular structure. They arrived at this conclusion by
observing C-S-H phases through hydration of β-C3S in addition to synthetic procedures that
introduced silica fume and calcium oxide. Results showed the presence of Ca-OH and Si-OH
bonds in the molecular structure of C-S-H. In addition, drawing atomic similarities to 1.4nm
tobermorite and jennite, researchers have thought C-S-H lacks silicate bridging site and can be
considered a defect tobermorite structure [27]. A colloid model proposed by Jennings [30]
indicated a stoichiometric formula of C1.7SH0.7 for C-S-H cured in 11% relative humidity (RH)
7

conditions. FitzGerald and Young observed C-S-H formation occurring though a series of
reactions during the hydration process with stochiometric formulas also dependent on time and
temperature [31,32]. This work will only observe the silicate phase of the C 3S compound.

Figure 1: C-S-H model as suggested by Taylor[8].

2.4 Polymer modified Concrete and C-S-H
Recent advances in applications for polymer admixtures has increased the importance of
microstructural characterization of silicate phases in hydrated OPC. Polymers in cement have
been shown by previous researches, to influence molecular, microstructural and physical
interactions with cement paste, while directly effing mechanical responses. Ohama [33–35],
demonstrated polymer agglomerates physically interacting with the surrounding matrix of cement
paste, creating a film that reduces overall permeability (Figure 2). He showed the polymer
interaction can also improve workability, shrinkage from drying, and durability of concrete
modified with polymers. The comatrix phase, consisting of cement gel and polymer films, forms
to act as a binder resulting in a composite latex modified system. X-ray diffraction (XRDA)
interpretations by Jansen et al [36], describe inhibiting factors to the hydration process of both the
aluminate and silicate phases of OPC when Polydiallyldimethylammonium (PDADMA) was
8

introduced. Betioli and Silva [37,38], used ethylene/vinyl acetate (EVA) to demonstrate the
influence on calcium ions by reducing CH content and showed a calcium rich porous structure
exhibiting effects on calcium hydroxide crystals from acetic acid erosion when EVA copolymers
were added to OPC. Wang et al [39], showed the influence of styrene-butadiene rubber (SBR)
latex on cement hydration products while concluding that SBR weakens the polymerization of
silicate tetrahedra and polyhedral aluminate structures in SBR modified cement. They also
acknowledged, once the polymer/cement ratio exceeds 12%, the SBR inhibits the polymerization
of [SiO4]4- tetrahedra and C4AH13 while enhancing ettringite formation in cement hydration
products. Xubo and Ru [40], concluded that the polymer film forms on C3S and C-S-H delaying
the hydration of polymer-modified C3S. Baueregger et al [41], investigated the effects of
carboxylated styrene-butadiene rubber copolymers on OPC hydration by XRDA and heat flow
calorimetry. They also concluded the incorporation of SBR co polymers inhibited formation of
key compounds in the aluminate and silicate phases due to chelation of calcium ions by the
carboxyl groups present in the carboxylated styrene-butadiene rubber (XSBR) emulsion. This
thesis aims to investigate the specific silicate phase of C-S-H interaction when XSBR, SBR
polymers and nano-modified XSBR are incorporated.

9

Figure 2: Polymers creating a film on surrounding particles delaying cement hydration [35].

2.5 Nano modified Materials
Nano-modified composites have influenced the development of enhanced material
properties over the years and has led to significant advances in polymer nanocomposites and
layered silicate nanocomposites. Montmorillonite has gained popularity as an organically nanomodified additive to increase polymer interaction directly affecting modulus of elasticity,
permeability, heat flow and durability [42–44]. Layered silicate structures have been modified to
create new composites usually defined by three forms including conventional, intercalated, and
10

exfoliated nanocomposites as seen in Figure 3 [42]. Separate and interlayer interactions, along
with individual silicate layer interactions with polymer nanocomposites can be
thermodynamically produced and analyzed with x-ray diffraction (XRD), nuclear magnetic
resonance (NMR) and Fourier transform infrared (FTIR) techniques and can be prepared using
several methods. Polymer-modified nanocomposites have been introduced to the C-S-H
microstructural and molecular structure in 1999 by Matsuyama and Young [45–47], showing
increases in interlayer spacing of C-S-H and an intercalcated C-S-H structure with polymermodified nanocomposites. Much discussion has occurred concerning the achievement of an
intercalcated C-S-H structure when the swell capacity of C-S-H is limited and would likely be
unable to support numerous layers of water molecules [48]. Debate over the intercalation of the
polymer-modified nanocomposite led to the suggestion of a meso-composite material forming
from disordered arrangement of C-S-H lamellae due to XRD and NMR results showing negligible
effects on silicate polymerization. Covalent bonds have been identified between C-S-H and
polymer-modified nanocomposites as Si-C bonds interact with organic groups creating new
bonding sites to the silicate tetrahedra [49].
Recently work has developed with the incorporation of carbon nano tubes (CNT), multiwalled carbon nanotubes (MWCNT) nanoalumina along with nanoclay in polymers and polymermodified cement. Various methods have proven to be effective in dispersing nanomaterials into
the polymer matrix. Ultrasonication, calendering, ball milling, and stir extrusion methods have
all been used by previous researches [50–52].

Li et al, investigated the mechanical effects of

nanoalumina modified cement reporting an increase of the elastic modulus and ultimate
compressive strength of the cement cylinders [53]. Dispersion of the CNT’s into the cement
matrix is critical for optimizing the properties of CNT’s as individual CNT’s work to create
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agglomerates of CNT’s due to Van der Wal forces [54]. CNT pullout also presents problem in
cement composites as the CNT surface topology has a smooth bonding surface. Individual CNT’s
were shown by Salvetat et al to have an elastic modulus of 1TPa [55]. Makar and Beaudion
showed that CNT’s have an approximate aspect ratio ranging from 1000:1 to 2,500,000:1 [56].
However, a homogenous dispersion of CNT’s will work to bridge microcracks in the cement and
prevent the cracks from increasing in size while decreasing porosity [57]. Gojny et al. [52] used a
calendaring process to disperse double-walled CNT’s and carbon black (CB), into an epoxy
matrix with results showing optimal dispersion from this method.
MWCNT’s have shown to improve flexural responses, as well as increasing the strain at
failure and ultimate compressive strength of cement paste [58,59]. Soliman et al [51], used ultrasonication to disperse pristine MWCNT’s into the SBR matrix before incorporating the
nanomodified polymer into a cement mortar before incorporating the mixture into the cement
matrix. They showed through microstructural and mechanical investigations that first dispersing
of MWCNT’s into a polymer first allowed the properties if the MWCNT’s to be exploited
resulting in enhanced mechanical properties. Results showed the increase of toughness, tensile
strength and reduced modulus of elasticity of the mortar when dispersed in this manner. Cross
linking of MWCNT’s has been shown to occur if the mixture is ultra-sonicated in excess, which
can affect dispersion and mechanical properties of the nano-modified material. This work aims to
investigate the effect of nano-modified XSBR on C-S-H mechanical and chemical properties.
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Figure 3: A schematic of Polymer-layered silicate nanocomposites proposed by Alexander and
Dubois [42]

2.6 Mechanical Characterization
Dynamic mechanical analysis (DMA) has been used to perform micro-scale testing of
cement samples and compounds in cement to characterize the storage, loss, and elastic modulus
while providing insight on the internal friction (tan δ). Compaction of powdered C-S-H is
required to perform DMA and has been shown to respond in a similar nature as C-S-H found in
OPC [60,61]. Compacted cement powdered has also been shown to respond in a mechanically
similar nature to hydrated cement and has proven a reliable technique to measure the dynamic
response to powdered compounds [62]. TA instruments recommends maintain a 10:1 span to
thickness ratio for accurate data acquisition. Alizadeh [63], compared variable stoichiometries of
C-S-H to characterized the effect of interlayer water on the storage modulus and tan δ. An
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oscillating force was applied on the 3-point bending clamp, to compacted specimens of C-S-H,
recording the damping behavior as porosity and stoichiometric formulas varied. The compacted
samples were in accordance with the compaction/porosity curve seen in Figure 4. An increase in
tan δ and a decrease in storage modulus was directly related to the C/S ratio used at the beginning
of synthesis while showing significant mechanical responses related to interlayer water at various
drying stages. Alizadeh et al [5] also showed a unique change in stiffness and damping effects of
C-S-H, similar to effect found in cement paste, with specimens dried below 11% RH. This shows
the effect of interlayer water on the mechanical properties of C-S-H. DMA also allows the time
dependent viscoelastic characteristics such as, creep compliance and relaxation behavior, to be
measured during sustained stress and cyclic loadings. Aboubakar et al [64], used DMA, with
additional characterization methods, to show that lower C/S ratios reduced creep deformations,
due to higher levels of polymerization.

Figure 4: Compaction/Porosity curve used for determining compaction pressure for mechanical
testing of C-S-H [63]
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2.7 Chemical Characterization
Thermogravimetric Analysis (TGA)
Thermogravimetric analysis (TGA) has proven to be a valuable tool in determining the
content of water, calcium hydroxide (CH), and calcium carbonate (CaCO3) in the C-S-H
composition. This allows the stoichiometric formula of C-S-H to be determined through mass
balances. TGA has also been used by previous researchers to determine carbonation of cement
and CH content with varying results throughout. The discussion on temperature ranges in which
chemically bound water and interlayer water disassociate from the C-S-H structure varies and can
affect the stoichiometric formulas calculated. Alonzo and Fernandez arrived at the conclusion
that hydrated OPC, cured for 70 days, experienced water loss from C-S-H occurs between 100250°C, bound water loss from CH occurs around 450°C and CaCO3 degradation begins at 650°C
[65]. Inherent difficulties arise from calculating percent of C-S-H as water loss from ettringite
and aluminate hydration products add to the complexity of the mass loss ranges. Jain and
Neithalath [66], took the water loss range for C-S-H to be 150°C-400°C corresponding with the
temperature that CH begins to lose water. The TGA curve published by Earnest [67], is refer to
as a typical curve for OPC and shows negligible mass loss from CaCO3 between the ranges of 60800°C. Foley et al [20] and Kim et al [21] implemented similar temperature ranges to that of Jain
for water disassociation from C-S-H ranging from 145-350°C. Mass loss for temperature ranges
ranging from 350-500°C were associated with CH and ranges of 600-825°C corresponded to
CaCO3 content. They also proposed two approximations of varying stochiometric formulas
through mass balance calculations.
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2.8 Fourier Transform Infrared (FTIR) Spectroscopy
Fourier transform infrared (FTIR) spectroscopy is a useful tool to identify molecular
bonds and isomers in various materials. This technique has proven to be useful in cement
chemistry with the introduction of polymers to identify interactions between silicate and
aluminate phases with add mixtures. Delgado et al [68] used different FTIR techniques to
characterize tricalcium silicate (C3S), calcium hydroxide, and C-S-H. The concluded that the
band typically seen at 3450 cm-1 can be attributed the OH stretching vibrations of C-S-H, while
bending OH groups of C-S-H are identified at 1700-1500 cm-1. Silicate stretching vibrations can
also be identified around 1200-800 cm-1, with silicate bending vibrations are noted at 500-400 cm1

. Yu et al [69], used near, mid, and far-IR spectroscopy to characterized and provide insight of

the roles of H2O with analysis of the OH environments. They confirmed the similarity of the CS-H structure to that of tobermorite and jennite. In addition, they observed a depolymerization
likely attributed to the loss of Q2b bonding sites of silicate tetrahedra as the C/S ratio increases.
Lodeiro et al [70], used FTIR to study the effects of sodium hydroxide (NaOH) on the molecular
structure of C-S-H. They showed that carbonation of C-S-H is intensified, and silicate
polymerization increases in the presence of high alkali solutions. Yelmen et al [71] correlated
Vicat needle techniques with FTIR to characterize the early stage hydration and setting of
Portland cement. They concluded that setting times are caused by inter-particle merging at C-S-H
sites. Alizadeh et al [18], reviewed the polymer modified nanostructure of C-S-H/polyaniline
nanocomposites and suggested the organic phases, dependent on C-S-H stoichiometry, directly
interact with the nanostructure of C-S-H and increase silicate polymerization while enhancing
mechanical performance and durability. They observed a stochiometric dependent increase in
silicate polymerization with the C-S-H/polyaniline composites and expresses the ability to
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develop nanomodified-cement composites by manipulating the chemical structure of the
inorganic host.

Figure 5: Comparisons between photoacoustic spectroscopy (PAS), transmission spectroscopy
utilizing potassium bromide pellets (KBr), and diffuse reflectance infrared Fourier transform
spectroscopy (DRIFT), of C-S-H with a C/S ratio of 1.5 (C-S-H-107) [68]

2.9 Physical Characterization
X-ray Diffraction Analysis (XRDA)
XRDA has proven to be a useful analysis technique used in cement chemistry and is good
at identifying the crystalline structures within materials and characterization of chemical
compounds [8]. Cong and Kirkpatrick [27] characterized XRDA profiles for synthetic C-S-H,
with varying C/S ratios. They observed a range of 5-13 semi crystalline peaks indicative of C-SH and CH structures. They concluded that the majority of their samples were crystalline with
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amorphous silica observed when C/S ratios dropped below 0.5. Alizadeh [63], describes 3 main
peaks representative of C-S-H formation, while correlating basal spacing of silicate sheets to
dissipation in interlayer water. Kim and Foley [20,21], were also able to characterize C-S-H and
CH peaks with varying stoichiometries and drying methods of synthetic C-S-H. Guan et al [72],
used XRDA to reveal the interactions between C-S-H and polyethylene glycol (PEG) acting as a
pore-generating agent, effecting the porosity of the silicate tetrahedra. They describe the
mechanism of increased phosphate recovery properties with porous C-S-H and suggested the
enhancement of phosphate recovery by incorporating PEG.

Figure 6: XRD spectrum for C-S-H with a C/S ratio of 1.5 seen on top, when compared to the
reference data, ICDD data No. 34-0002 pictured on the bottom [63]. The refence data denotes
typical locations of C-S-H peaks.
.
2.10 29Si Magic-Angle-Spinning Nuclear Magnetic Resonance (MAS NMR)
29

Si MAS NMR is a useful technique used to identify silicate polymerization and chemical

connectivity of the silicate phase in cement chemistry. Q n denotes the bridging oxygen molecules
as n increases the degree of polymerization and connectivity increase. Chemical shifts are
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measured in part per million (ppm) while Q4 can range from -108 to -120 ppm representing pure
silica sand and can be seen in Figure 7. Young [73] used NMR to observe an increase in
polymerization when C3S and white Portland cement samples were cured at 65°C. He noted that
the degree of polymerization can typically be expressed as Q1/Q2 with a higher number indicating
less silicate polymerization. Beaudoin et al [74], synthesized C-S-H with various ratios to
characterize the change in silicate polymerization. They were able to show a distinct Q3 peak
when C/S ratio was dropped to 0.6. This would indicate that a crosslinking of silicate chain
layers. Taylor [10], defined the basic formula of tobermorite and jennite as C 5S6H5 (C/S=0.83)
and C9S6H11 (C/S=1.5) respectively with theoretically infinite chain lengths. Foley et al, observed
only Q1 and Q2 silicate bonds under standard 11% RH drying conditions of synthetic C-S-H
produced with various C/S ratios [20]. They also showed an increase in silicate polymerization as
C/S ratios decrease.

Figure 7: Silica spectra for 29Si MAS NMR showing ranges of chemical shifts in silicate
polymerization stages [75].
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Figure 8: A description of silicate (triangles) polymerization in C-S-H as they interact with
calcium ions (dots) from the Ca-O backbone of C-S-H
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Chapter 3 Experimental Methods
3.1 Introduction
This chapter will detail the investigation techniques used to characterize the interactions
between C-S-H, polymers, and nanomodified polymers. The chapter will describe the materials
and step-by-step techniques used for synthesis of C-S-H incorporating styrene-butadiene
polymers, followed by the outlined compaction process. Continuing through the chapter, physical
observations, by way of density measurements, were obtained to characterize the interaction of CS-H while incorporating XSBR. Mechanical characterizations followed and consisted of dynamic
mechanical analysis (DMA) and direct shear tests which measured the bond strength of polymermodified C-S-H to a steel interface. Continuing, chemical analysis was acquired by
thermogravimetric analysis (TGA) and Fourier transform infrared (FTIR) spectroscopy. To
conclude the experimental methods used, microstructural experiments were performed and carried
out by testing equipment that includes 29Si magic angle spinning nuclear magnetic resonance
(NMR), X-ray diffraction analysis (XRDA), and a scanning electron microscope (SEM) to
capture the interactions of C-S-H. Detailed explanation on experiments performed and method
used to acquire accurate data will be provided.

3.2 Dispersion of Nanomaterials
A calendering process, also known as three-roll milling was chosen as the dispersion
method for this research. As the rollers rotate in the opposite direction, the material endures shear
force as it works through the rollers allowing the nanoparticles to break up creating a
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homogenized material. 3-passes, on a Torey Hills 3-roll mill were chosen in order to not overwork the polymer nanocomposite while aiming to effectively disperse the nanomaterial into the
polymer matrix. For the first pass, referring to Figure 9, a r1-r2 spacing of 50-40 μm was selected
while a r2-r3 spacing of 40-30 μm was chosen. The next two passes consisted of r1-r2 spacing at
40-30 μm and a r2-r3 spacing of 30-20 μm. SEM images, along with noting the smooth color of
the nano-modified polymer after 3-passes, were used to confirm the dispersion of the nano
materials used. Nanoalumina, nanoclay, and pristine MWCNT’s were dispersed into XSBR latex,
before adding 15% of the nanomodified XSBR to the initial mixing phase of C-S-H. This ensured
a homogenous nanopolymer-modified C-S-H composite would be produced, allowing accurate
characterization of the composite.

Figure 9: 3-roll mill with roller schematic
3.3 Synthesis
Materials procured for synthesis of C-S-H began with regent grade calcium carbonate
(CaCO3) obtained from Macron Chemicals was calcinated to produce quicklime. Purity of 99.5%
or greater was confirmed by thermogravimetric analysis. Fumed Silica was obtained from Sigma
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Aldrich, with a purity of 99.8%, was used for the silicate portion of the C-S-H reaction.
Deionized water was the catalyst to the reaction. Once the deionized water was added, this point
in time was denoted as to for mixing purposes. Euclid Chemicals provided the initial
carboxylated styrene-butadiene rubber (XSBR) emulsion used to characterize the microstructural
interactions of C-S-H and XSBR. For the comparison styrene-butadiene rubber (SBR) with
XSBR, Mallard creek polymers provided both chemicals to enable explicit comparison of the
carboxyl group present in XSBR with SBR without carboxylation. An overview schematic of
synthesis steps can be seen in Figure 10

Figure 10: Synthesis schematic

Synthesis of C-S-H began by producing quicklime by calcining calcium carbonate at
900°C for 24 hours. 100 grams of CaCO3 was placed into a large ceramic bowl and inserted into
a Thermolyne 6000 Furnace, where CO2 separated from the CaCO3 chemical structure to produce
calcium oxide (CaO), also known as quicklime. Upon the completion of the 24-hour calcining
process, the oven was turned off to allow for an hour cooling period. The ceramic bowl
containing the CaO was carefully and immediately transferred to controlled environment, by
placing the contents into a nitrogen box, with a positive atmospheric pressure, when compared to
the typical atmospheric pressure of Albuquerque, NM, represented by 12.8 psi. The contents
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were then weighed to confirm the molecular weight of the CaO. Thermogravimetric analysis
(TGA) was used to confirm the purity of the quicklime by measuring the mass loss between 25°C
and 1000°C. TGA confirms the purity of the lime was >99.5%. The CaO was then placed into an
airtight jar, which was then vacuum sealed to prevent recarbonation during storage.

Figure 11: CaCO3 in Thermolyne furnace

Once mixing was ready to proceed, CaO, fumed silica (SiO2), deionized (DI) water, and
varying amounts of XSBR ranging from 0%-15% were placed into an airtight, soft plastic
container accompanied with the rotary rock tumbler. A CaO/SiO2 (C/S) ratio of 1.5 was selected
for all tests due to the similarities presented by previous researchers [4,6,21,22,63,76,77]. The
H2O/(C/S) of 10:1 was selected to ensure enough available water was present to fully precipitate
the reaction required to form C-S-H. A maximum polymer content of 15% to the initial C/S ratio,
was selected due to observations made by previous researchers [34,35]. The slurry was sealed in
its container before being placed in the rotary rock tumbler apparatus for 7 days. The time frame
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of 7 days was shown by previous investigators [63,74] to allow the C-S-H reaction to fully
transpire. Upon completion of the 7-day mechanical mixing, the slurry was immediately
transferred to a vacuum filtering system seen in Figure 12. The vacuum filter extracted excess
water present, for 24 hours, due to the high H/(C/S) ratio. This method of water extraction is
necessary to expedite the drying process outlined in the next paragraph.

Figure 12: Vacuuming apparatus used to extract excess water

An 11% relative humidity (RH) technique was chosen to allow for consistent drying
process and to maximize observation times. This method of drying has been used and shown to
be sucessful by previous researchers [20,21,64,78–80], and is proven to be an effective way to
equilibrate the binder to 11% RH, while limiting the exposure to CO 2 and excessive drying which
can affect the interlayer water content in C-S-H. The drying method employed a saturated lithium
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chloride (LiCl) solution in the 1st of a 4-beaker apparatus. The LiCl solution was maintained at
55°C by utilizing a hot plate to keep the solution at a constant temperature. The middle 2 beakers
contained the vacuumed C-S-H slurry which was approximately the consistency of clay after
excess water was extracted. The third beaker represented a failsafe to prevent any condensed
water from entering the vacuum system. The beaker contained Drierite (calcium sulfate and
cobalt chloride) rock, which absorbed condensed water as it was being extracted. The C-S-H
drying beakers was prepared in the nitrogen box before transferring the contents to the drying
system. Air valves were used to ensure the transfer from the nitrogen environment to the drying
apparatus did not contaminated the C-S-H with CO2. The airtight system was hooked up to as
many as 3 beakers, containing C-S-H, in a series, before turning the air valves on to allow drying
to proceed. Drying proceeded for approximately 10 days or until the C-S-H had negligible loss of
mass when measured daily. The resulting composite was a rocky powder that was easily
pulverized into powder. It can be noted that different drying methods can affect the chemical and
mechanical properties and should not be intermingled when attempting to characterize C-S-H.

Figure 13: Drying apparatus
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3.4 Compaction
Compaction of C-S-H powder was utilized in order to perform mechanical testing to
obtain property correlations. The compaction apparatus seen in Figure 14 was prepared in a
controlled nitrogen environment to protect against CO2 contamination. The compaction apparatus
measured 200x200mm with a 10x30mm void where the C-S-H powdered was placed.
Approximately 0.80 grams of C-S-H was loaded into the insert to achieve a thickness of <2mm.
This parameter is critical in obtaining accurate information from dynamic mechanical testing.
During the actual compaction process, a nitrogen environment was unable to be maintained. The
specimen was immediately moved back to the controlled environment following compaction.
The powder was compacted to 400 MPa using the Instron UTM with a capacity of 120 kips and
utilizing a constant loading rate of 1% of the ultimate load per second leading to a compaction
time of just over 1-1/2 minutes. Extreme caution was exercised when compacting C-S-H at 400
MPa. After the ultimate compaction stress was achieved, the load was held for 4 minutes to
ensure a homogenous arrangement of the crystalline structures. This method and compaction
pressure was chosen due to the similarities to that of C-S-H found in cement and presented by
previous researchers [21,77]. Load compaction curves published by Alizadeh [63], were used to
approximate a desired compaction level that would adequately simulate C-S-H found in cement.
Upon analysis of the densities and compaction pressures, the range of 400 MPa was selected to
simulate C-S-H found in cement at specific w/c ratios with a target porosity of 33%.
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Figure 14: Compaction technique

Figure 15: Typical Load/Compaction curve for C-S-H with styrene-butadiene polymers

3.5 Physical Characterizations
Density of C-S-H found in ordinary Portland cement (OPC), has been shown to have
similar densities to synthetic C-S-H powder compacted at high pressures [60]. Density of C-S-H
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was acquired in accordance with ASTM Standard C 914-95 [81]. A Mettler Toledo XS-64
analytical balance with density kit was used to determine the density of compacted C-S-H
specimens. Densities were acquired for 5 specimens of each XSBR content ranging from 0%15%. The specimens were weighed dry before repeatedly dipping the compacted C-S-H into
melted paraffin wax conforming to ASTM D 87 until the specimens were completely coated with
wax. The samples were cooled and reweighed in preparation for the next step. Upon setting the
Mettler analytical balance to density mode, and specifying ethanol alcohol as the measuring
solution, the coated C-S-H samples were weighed while submerged in the ethanol solution. An
ethanol solution was chosen in-lieu of water, as stated by the ASTM standard, due to observations
of air clinging to the coated surface as stated by Foley [77]. A hardened piece of melted wax was
also tested in this manner to pinpoint the exact density of the melted wax. This should be done
for each set of daily tests, as the density of melted wax can vary upon hardening and re-hardening
of the wax from day to day. Equations 3.1-3.3 [77], were used to determine the density of the
compacted C-S-H. relations between mass and volume allow the calculation of density in this
manner.

𝑚𝑎𝑠𝑠

𝑤𝑎𝑥
𝑉𝑜𝑙𝑢𝑚𝑒𝑤𝑎𝑥 = 𝐷𝑒𝑛𝑠𝑖𝑡𝑦

𝑤𝑎𝑥

; 𝑉𝑤𝑎𝑥 =

𝑉𝑜𝑙𝑢𝑚𝑒𝑤𝑎𝑥𝑐𝑜𝑎𝑡𝑒𝑑 𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛𝑠 =

𝑚𝑤𝑎𝑥

(3.1)

𝜌𝑤𝑎𝑥

𝑚𝑎𝑠𝑠𝑐𝑜𝑎𝑡𝑒𝑑 𝑑𝑟𝑦 −𝑚𝑎𝑠𝑠𝑐𝑜𝑎𝑡𝑒𝑑 𝑠𝑢𝑏𝑚𝑒𝑟𝑔𝑒𝑑
𝐷𝑒𝑛𝑠𝑖𝑡𝑦𝑒𝑡ℎ𝑎𝑛𝑜𝑙

𝑉𝑜𝑙𝑢𝑚𝑒𝑢𝑛𝑐𝑜𝑎𝑡𝑒𝑑 𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛𝑠 = 𝑉𝑜𝑙𝑢𝑚𝑒𝑐𝑜𝑎𝑡𝑒𝑑 𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛𝑠 − 𝑉𝑜𝑙𝑢𝑚𝑒𝑤𝑎𝑥
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(3.2)

(3.3)

Figure 16:Mettler Toledo analytical balance with wax coated C-S-H specimens

3.6 Mechanical Characterization of Synthetic C-S-H/Polymer Composite
3.6.1 Dynamic Mechanical Analysis (DMA)
Mechanical properties were acquired using a Q800 dynamic mechanical analyzer from TA
instruments while utilizing the single cantilever clamp to subject the compacted specimens of CS-H, measuring 30mm x 10mm x <1.75mm (Length x Width x Thickness), to constant and
increasing forces. The instruments humidity chamber was used to maintain 11% RH throughout
all testing. Calibration of the specific clamp and compliance sample are necessary steps in order
to acquire accurate date from DMA. For the single cantilever clamp, the compliance calibration
specimen was secured in the cantilever clamp with a torque of 7 ft-lb for proper compliance
30

calibration. It is also important to consistently use the same amount of torque for the specific
specimen. Appling varying torques to the single of double cantilever clamps will give inaccurate
data and lead to mischaracterization of mechanical properties. For the C-S-H/XSBR composite, a
torque of 1 ft-lb was applied due to the brittle nature of the compacted C-S-H specimens. Two
different tests were performed to mechanically characterize the effects of XSBR on the
mechanical properties of C-S-H. The first test was a force control test, or a force ramp, which
allowed flexural failure to occur within the DMA’s ultimate capacity. A preload force of 0.002 N
was applied to stabilize the clamped specimen before testing was to begin. The experimental
setup consisted of a humidity equilibration stage, an isothermal stage, which allowed the
temperature to stabilize to 22°C, and a force ramp. A force ramp of 0.5 N/min, ranging from 0-18
N, was enacted until the specimens reached failure. Ultimate flexural strengths, modulus of
elasticity (E), toughness, and strain at failure were properties acquired from this sequence of
testing. All specimens tested experienced failure under this setup. The second test performed
measured the viscoelastic time dependent behavior of the C-S-H/XSBR composite with a
creep/relaxation test format. The test measures the time dependent deformation of the specimen
by maintaining a constant stress state over a selected period of time. The experimental format
consisted of maintaining 11% RH, and isothermal stages, with an initial stress level of 6 MPa,
which was approximately 67% of observed flexural strength, induced to the sample for a creep
time of 60 min and relaxation time of 15 min. The specimen typically did not experience flexural
failure during testing in this manner. Creep compliance, represented by Eqn. 3.4, and modulus of
elasticity were properties that were characterized with this particular test.
𝜀(𝑡)

𝐶𝑟𝑒𝑒𝑝 𝐶𝑜𝑚𝑝𝑙𝑎𝑛𝑐𝑒 = 𝐽(𝑡) = 𝜎(𝑡)

(3.4)
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Figure 17: Q800 from TA Instruments used for all DMA testing

3.6.2 Direct Shear Test
A direct shear test was implemented to categorize the bond strength, of C-S-H and C-S-H
modified with XSBR, to a smooth steel interface. The goal was to demonstrate the effects that the
addition of XSBR can affect bond characteristics of C-S-H with steel. Standard dried C-S-H
powder was compacted in the standard compacting apparatus using the 30mm x 20mm insert to
increase the bond area during testing. The apparatus was then loaded into an ELE International
digital shear testing machine, as shown in in Figure 18, in preparation for the shear test. Once
securing the mold into the machine and applying the normal force, six screws, that held the mold
in place during compaction, were removed. Incremental increase in the normal force was applied
at the start of each test, consisting of a 40, 80, and 160 N normal force, while measuring the shear
force applied directly to the compacted C-S-H perpendicular to the bond surface. The results
produced a line on a stress/shear graph in which the intersection at σ=0 is the bond strength of the
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material as seen in Figure 19. Using Eqn. 3.5, the cohesive coefficient (c) was assumed to be the
bond strength to the smooth steel interface. A constant displacement rate of 0.90 mm/min was
applied while the normal force was held constant for the whole test until bond failure occurred. A
total of 3 specimens were tested for each varying XSBR content.

𝜏 = 𝑐 + 𝜎𝑛 ∗ μ

(3.5)

Figure 18: Shear test measuring bond strength of C-S-H and steel
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Figure 19: Representation of bond strength with increasing normal force

3.7 Chemical Characterization of Synthetic C-S-H/Polymer Composite
3.7.1 Thermogravimetric Analysis (TGA)
Chemical compositions were obtained using a Thermogravimetric Analyzer 550
from TA instruments using ultra-high purity nitrogen for the purging gas. The TGA tests were
carried out at a temperature range of 25°C to 1000°C, with a temperature ramp of 10°C/minute
and a purging air flow rate of 40 mL/min. This technique has proven useful in identifying
calcium hydroxide (CH), calcium carbonate (CaCO3), and C-S-H, by measuring the mass loss at
specific temperature ranges. Previous researchers [20,65,66,82], have used this technique to
closely approximate the stoichiometric formulas of C-S-H. As water disassociates from CH at
specified temperature ranges and carbon dioxide disassociates from CaCO3 at specified ranges,
the mass remaining at the end of the test is thought to be C-S-H. Various ranges of temperature
associated with mass losses have been used to correlate the mass loss to specific compounds.
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Using an extra step to account for the polymer decomposition, a 15% reduction of mass loss
between 350°C and 500°C was applied before utilizing the equation seen in Eqn. 3.6 and 3.7, as
proposed by Kim et al [21]. Molecular weights of 18.01 g/mol, 74.1 g/mol,, 44.01 g/mol, 100.09
g/mol, and 56.1 g/mol (C/S) + 60.1 g/mol + 18.01*x g/mol were used for H2O, CH, CO2, CaCO3,
and C-S-H respectively, to arrive at this equation. Eqn. 3.6 and 3.7 were derived based on
assumptions that state the consumption of CaO while producing CaCO 3 is ignored and %C-S-H is
approximated by 100%-(%CH+%CaCO3). %CH is associated with %mL2 and %CaCO3 with
%mL3. All the previous statements are based on the assumption that when the (C/S)initial ratio is
combined with an excess amount water, 1 mol of C-S-H in addition to a [(C/S)initial – (C/S)final]
mol of CH will result from the synthesis process. Constants were calculated through a mass
balance of the compounds thought to deteriorate in the specified temperature regions with the
above stated assumptions. Trios software was used to note the derivative of the mass loss, to
pinpoint the specific range in which compounds begin to disassociate from their chemically
bound regions. This was helpful in validating the stoichiometric formulas produced with the
stated equation that was used for the entirety of this research.
𝐶 ⁄𝑆 =

𝑥=

𝐶/𝑆 (100−%𝑚𝐿1 −4.113%𝑚𝐿2 −2.274%𝑚𝐿3 )−3.36%𝑚𝐿2
100−%𝑚𝐿1 −%𝑚𝐿2 −2.274%𝑚𝐿3

%𝑚𝐿1 (3.115𝐶/𝑆 +3.337)
100−%𝑚𝐿1 −%𝑚𝐿2 −2.274%𝑚𝐿3

(3.6)

(3.7)
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3.7.2 Fourier Transform Infrared (FTIR) Spectroscopy
Molecular interactions were investigated by Fourier Transform Infrared (FTIR), with
focus directed towards covalent bonds occurring between C-S-H incorporating XSBR when
compared to interactions with C-S-H incorporating SBR. FTIR has proven to be a useful
technique in identifying chemical interactions in cement chemistry. Past investigators [69,83],
used FTIR to characterize C-S-H, along with polymer interactions with cement and C-S-H, in
cement composites. Little focus on the specific effect of polymers on hydration products within
cement have been presented up to this time. It is thought that the interaction between SBR and
cement is purely physical and a functionalized polymer, such as XSBR, must be utilized to create
chemical interactions between silicates present in cement and the polymer itself. Addition of
carboxyl groups to copolymers has been shown to increase elastic responses, increase in flexural
strength, reduce permeability and enhance the resistance to hydrocarbon solvents [84].
Alimardani and Abbassi-Sourki [84], also describe XSBR as having optimal polarity within its
structure to receive nanomaterials by developing optimal bonding between functionalized groups
and reinforcing nanofillers. Specimens of C-S-H/SBR and C-S-H/XSBR composites were
characterized using attenuated total reflection Fourier Transform Infrared spectroscopy (ATRFTIR, Alpha Bruker Platinum, 1-211-6353), using a zinc selenide crystal consisting of an incident
angle of 45 ± 15° and a 560 scan time (24 s), with a 4 cm−1 resolution. The spectral range used
for FTIR was 650–4,000 cm−1. This work will distinguish molecular interactions with both
styrene-butadiene and carboxylated styrene-butadiene as shown by the optimal mechanical
properties of the C-S-H/XSBR composite

36

3.8 Microstructural Characterization of Synthetic C-S-H/Polymer Composite
3.8.1 X-ray Diffraction Analysis (XRDA)
Microstructural effects of C-S-H incorporating XSBR were investigated with the use of X-ray
diffraction analysis (XRDA). XRDA has been useful in identifying crystalline formations occurring in
cement and has proven to be a vital tool in cement chemistry by numerous researchers [8,20,21,28,63].
XRDA is a proven, repeatable, technique that utilizes an x-ray beam to measure the diffraction distance of
wavelengths as atomic planes transmit frequencies that confirm formation of crystalline structures
regardless of additives and other compounds that may be present. For C-S-H/ XSBR composites, XRD

scans were performed over the 2θ range, 3-150 degrees, at a scan rate of 6 degrees/minute with a
0.02-degree step. All x-ray diffraction data was obtained by implementing a Rigaku SmartLab
diffractometer, equipped with a 1-dimensional D/teX Ultra detector, a copper anode sealed-tube
X-ray source, and a nickel foil Cu K-beta filter. Data analysis was performed using the MDI Jade
software package. Due to the x-ray amorphous nature and weak crystalline structure of C-S-H,
XRD does not pick up the phases of the silicate reaction. Compounds present, such as calcium
hydroxide (CH), possess stronger crystallinity, leading to higher intensities detected by XRD. CH
peaks typically show up disproportionately larger than C-S-H peaks with XRD. However, XRD
does show the overall dominates of CH and C-S-H peaks in the XRDA profile of cement paste
and notes an impact on basal-spacing with a distinguished phase change when the C/S ratio
exceeds 1.0 [63,66]. The XRD peaks acquired were compared with published results and
characterized to confirm the formation of C-S-H when polymers were incorporated.
3.8.2 29Si NMR
29

Si magic angle spinning nuclear magnetic resonance (NMR) spectroscopy is a useful

tool in determining the polymerization of silicate tetrahedra and can identify microstructural
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effects of polymers on the C-S-H structure.

29

Si NMR was performed on standard dried C-S-H

powder to determine the silicate polymerization and describe the overall mean chain lengths.
Equations proposed by Alizadeh [63], were used to describe the average degree of silicate
connectivity with a higher nc representing a higher degree of polymerization. The samples were
placed in 7 mm cylinders and lightly compacted with enough pressure to ensure particles can
settle and balance in the centrifuge. The cylinders were the capped and wiped clean before
inserting the specimen into the centrifuge and undergoing rotations at 3.6 kHz. An excess of
13,000 scans were performed over an approximate testing time of 24 hour. The specimens were
then ejected and prepared for further testing. An ASX 300 spectrometer at 59.6 MHz, 7.05 T
magnetic field, was used to gather single pulse analysis without proton decoupling or cross
polarization of the C-S-H samples incorporating an 8-second relaxation delay between scans. The
29

Si chemical shifts are referenced to Si(CH3)4 at 0 ppm and with a secondary reference using

Si[(CH3)3]8Si8O20 at 11.8 ppm relative to Si(CH3)4. Previous researchers have shown that
hydrated cement exhibits typically observed silicate chains of Q1, Qb2 and Q2 are typically seen at
-79.5, 84.6 and -85.3 ppm respectively.
Deconvolution analysis of the three peaks of focus, using Eqn. 3.8, was completed on the
NMR spectra to approximate the connectivity and polymerization of silicate chains. Similar
deconvolution techniques have been presented by Constantinides and Ulm [7] perform statistical
deconvolution analysis on nanoindentation (NI) data showing the low and high density phases of
C-S-H. They also showed that the unique nanogranular behavior of both low- and high-density
phases was dictated by inter-particle contact forces rather than mineral properties by way of
deconvolution analysis. Statistical deconvolution consists of assumed frequency densities of
NMR spectra, using Gaussian distributions to estimate the volume fractions of different phases of
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C-S-H formation. The mean, standard deviation and volume fractions of n phases are typical
unknowns. R2 values using Eqn. 3.7, were maximized with spreadsheet programs used to acquire
an optimal curve representing the volume fraction of each phase.

𝑅2 = 1 − ∑

𝑛

(y(𝑥𝑗 ) + p(𝑥𝑗 ))

2

(3.7)

𝑗=1

𝑛
1

𝑝(𝑥𝑗 ) = α ∑

𝑓𝑖 𝜎√2𝜋 𝑒

(𝑥−𝜇)2
∗𝑓𝑖
2∗𝜎2
𝑖

−

(3.8)

𝑖=1

3.8.3 Scanning Electron Microscope (SEM) Investigations
A scanning electron microscope (SEM), was used to investigate the physical interaction
between polymer and the C-S-H fracture surface. Focus was directed to the fractured surface
created by the flexural, force controlled, DMA tests. Interactions between microcracks and the
polymer film created upon curing were noted. Utilizing the Vega3 Tescan SEM to characterize
the microstructure using secondary electron transmission to inspect the fractured surface with
clear imaging resolutions. The beam intensity was lowered from 10 keV to 8 keV as
magnification increased to aid in clear images. The specimens were initially coated with 3-5 nm
of gold palladium to act as an insulator for the electron transmission. Coating the specimens,
along with an accelerating voltage of 15 kV, enabled enhanced resolutions of the microcracks.
SEM images were used to help correlate physical and microstructural observations with
mechanical responses observed with DMA testing.
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Chapter 4 Results and Discussion
An experimental flowchart is displayed in Figure 20 outlining the sequence of
experimental work, parameters used during synthesis of C-S-H and characterization methods.

Figure 20: Flowchart showing sequence of experimental work, parameters considered in
synthesis of C-S-H and characterization methods
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4.1 Physical Characterization
Densities measured of the standard compacted specimens of C-S-H powder with varying
amounts of XSBR polymer, ranging from 0-15%, show a likeness to C-S-H found in cement and
can be seen with standard deviations in Figure 21 below. When shown on a material performance
indices [85], the C-S-H/XSBR composite begins to bridge the gap between the concrete/ceramics
and polymer classification. The densities of C-S-H without the incorporation of polymers fall shy
of densities of C-S-H found in cement that has been reported in literature. Nevertheless, the trend
of decreasing modulus of elasticity as polymers are added can be observed on the material
performance chart. This is indicative and a pattern that will be observed throughout concerning
the modulus of elasticity as XSBR polymers are included in C-S-H synthesis. In addition, to the
material performance classification, the graph in Figure 22 shows an obvious change in material
properties when XSBR is incorporated into the C-S-H microstructure. This demonstrates the
ability to engineer new class of polymer-modifier silica binder, with specific physical,
mechanical, and chemical characteristics attractive for a variety of applications.
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Figure 21: Acquired densities

Figure 22: Ashby chart [85] (Left) with C-S-H/XSBR comparison

Density variations of 1% were observed when comparing C-S-H/SBR and C-S-H/XSBR
composites and are displayed in Figure 23. Minimal differences in density were observed with
statistically similar numbers produced from both composites. The composite containing SBR did
show slightly higher densities when compared with that incorporating XSBR but lacked a
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statistical significance. Density results for C-S-H/XSBR composite did yield a smaller standard
deviation and proved to be more consistent when compared to the C-S-H/SBR composite.

Figure 23: Density comparison of C-S-H/SBR and C-S-H/XSBR composites

Density observations of compacted C-S-H/nano-composite specimens are presented in
Figure 24. Results show increasing density as the C-S-H/ XSBR nanocomposite evolves from
MWCNT to nano-alumina, and then to nanoclay. High surface area and hollow cylindrical shape
of MWCNTs somewhat reduced the overall density of the composite when compared to the C-SH/XSBR composite. Furthermore, a common trend of increasing density develops as the C-S-H
composite incorporates nanoclay and nano-alumina. Nanoclay is known to fill the voids of
porous materials and is then thought to fill the pores of C-S-H/polymer composite resulting in
increased density [42]. Density also increases with the incorporation of nano-alumina-modified
XSBR as the heavier nanoparticles affect the density of the XSBR film in turn increasing the
density of the C-S-H/XSBR composite. There was no statistical significance when comparing
densities for ranges of nanoparticles from 0.25%-1.0% when using t-tests.
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Figure 24: Density of C-S-H with 15% XSBR incorporating MWCNTs, NanoAlumina, and
Nanoclay compared with C-S-H/XSBR composites.

4.2 Mechanical Characterization
4.2.1 DMA
Flexural tests perform by DMA, shown in Figure 25 along with tabulated results posted in
Figure 26-29. Initial observations can be noted as the stain at failure increases by nearly an order
of magnitude. The increase of stain at failure is significant due to the brittle nature of C-S-H and
reduction of flexural cracking. The specimen’s stress/strain response remained nonlinear, but as
XSBR is incorporated, the flexural test begins to exhibit some linear behaviors. Flexural ultimate
strengths have an increase with a 34% rise in flexural capacity when 15% XSBR was
incorporated. With the addition of 15% XSBR, the ultimate flexural strength rose from
approximately 10 MPa to 12.3 MPa. Statistically, 10% and 15% XSBR were similar when
comparing mechanical properties acquired through DMA. Most notably, the reduction in
modulus of elasticity can be observed as the material begins to behave in a polymer fashion.
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Reduction in modulus of elasticity is a critical parameter for material development especially for
brittle materials. A decrease of 66% was observed when 15% XSBR was incorporated into the
initial mix. Control specimens of C-S-H without the addition of XSBR, closely matched modulus
of elasticity values observed through nanoindentation [20]. A by-product of increased ultimate
strength and strain at failure, is a substantial increase in toughness. The materials toughness was
increased by nearly 330% as 15% XSBR was incorporated. Minimal mechanical improvements
were observed with the increase of XSBR content greater than 15%. The results from the DMA
testing of C-S-H/XSBR composites showed that the highest improvement in mechanical
properties takes place at styrene-butadiene polymers concentrations of 15%. With the overall cost
of the composite taken into consideration, the polymer concentration of 15% was used in all
future phases.

Figure 25: Stress/Strain graph of C-S-H with varying amounts of XSBR
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Figure 26: Reduction in modulus of elasticity of XSBR/C-S-H at varying XSBR content

Figure 27: Ultimate strength of XSBR/C-S-H at varying XSBR content
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Figure 28: Strain at failure of XSBR/C-S-H at varying XSBR content

Figure 29: Material toughness of XSBR/C-S-H at varying XSBR content
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Flexural test for comparison of C-S-H incorporating styrene butadiene rubber (SBR) and
C-S-H incorporating carboxylated styrene-butadiene rubber (XSBR) shown in Figure 30. When
compared, the C-S-H/XSBR composite exhibits an excess of 25% increase of stain at failure
compared with C-S-H incorporating SBR. The increase of stain at failure shows a unique impact
on the C-S-H mechanical response as the functionalized carboxyl group appears to interact
favorably with C-S-H mechanical components. With the incorporation of XSBR, the ultimate
strength and toughness observed an increase of 16% and 48% respectively. The ultimate strength
did exhibit a statistical difference between the two composite materials when compared using ttests. In addition, the ultimate strength of at flexural failure showed a higher level of variability
more that the other mechanical properties, displaying the largest standard deviation amoung the
four properties examined. The elasitic modulus showed a slight increase from 2.0 to 2.3 GPa with
the incorporation of XSBR and proved to be statistically insignificant when compared using ttests. One can note a difference in flexural stain at failure when compared to the that of C-S-H
incorporating XSBR. Variations in flexural responses could be attributed to proprietary emulsion
additives that is the byproduct of obtaining XSBR from different manufacturers. The initial
provided of the XSBR did not have an SBR emulsion to directly compare the two polymers. The
exact chemical composition of XSBR was not made available by the manufacturers.
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Figure 30: Flexural stress-strain of C-S-H incorporating XSBR and SBR

Figure 31: Mechanical properties of C-S-H/SBR and C-S-H/XSBR composites consisting of 5
flexural tests
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Compacted C-S-H/ multi-walled carbon nanotube (MWCNTs) modified XBR showed an
enhanced flexural response, noted in the stress/strain curve shown in Figure 32. Strains at failure
consistently exceeded 0.015 while maintaining similar ultimate flexural capacity seen in C-SH/XSBR composites. A relatively low modulus of elasticity was observed when incorporating
MWCNTs-modified XSBR with values of approximately 1.1 GPa observed with 0.25%
nanoparticles and 1.6 GPa with 1% MWCNTs. An approximate 50% reduction of modulus of
elasticity was observed when compared to C-S-H/XSBR composites. Ultimate flexural strength
observed did show a statistically relevant increase as the nanoparticle/(C/S) ratio exceeds 0.25%.
Furthermore, the nano-composites modulus of toughness showed an increase of nearly 50% with
the incorporation of 1% MWCNTs. MWCNTs showed further manipulation of key mechanical
properties with the reduction of modulus of elasticity and increased strain at failure observed
during flexural testing.
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Figure 32: Flexural stress-strain of C-S-H incorporating MWCNTs-modified XSBR

Figure 33: Mechanical properties of flexural behavior of C-S-H incorporating MWCNTs
modified XSBR
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Mechanical properties for C-S-H incorporating nano-alumina (aluminum oxide)-modified
XSBR are presented in Figure 34. Mechanical responses remained fairly consistent with minor
variations observed as the content of nanoparticles to the initial C/S ratio rose from 0.25% to
1.00%. The modulus of elasticity showed a statistically significant decrease, less than 3% when
compared with t-tests, from 2.6 GPa to 2.0 GPa as nano-particle content increased from 0.25% to
1% respectively. In addition, the largest increase of ultimate flexural strength were observed with
C-S-H incorporating 0.25% nano-alumina-modified XSBR. Strain at failure and toughness
decreased as nano-alumina content rose above 0.25%. C-S-H/XSBR composites incorporating
0.25% nano-alumina displayed 20% higher strain at failure and consistently exceeded 0.012. The
composites modulus of toughness was reduced more than 30% as nanoparticles content exceeded
0.25%. Optimal mechanical responses were acquired with minimal nano-alumina content when
incorporating nano-alumina-modified XSBR into the C-S-H microstructure.

Figure 34: Stress-strain behavior of C-S-H incorporating nanoalumina modified XSBR
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Figure 35: Mechanical properties of flexural behavior of C-S-H incorporating nanoalumina
modified XSBR

Mechanical responses of C-S-H incorporating nanoclay-modified XSBR are shown in
Figure 36. The modulus of elasticity was reduced nearly 25%, from 2.2 GPa to 1.7 GPa, when
comparing 0.5 % to 0.25% and 1.00% nanoclay. In addition, the flexural strain at failure
exceeded a 50% increased with the incorporation of 0.50% nanoclay. A strain at failure of 0.0092
and 0.0088 was recorded for C-S-H/nano-modified XSBR composites with nanoclay contents of
0.25% and 1.00% respectively. Ultimate strength also showed a 17% increase resulting in an
overall 30% increase in the modulus of toughness. Nanoclay displayed significantly improved
mechanical characteristics when comparing the reduction of modulus of elasticity and the increase
in stain and stress at failure. Flexural C-S-H/XSBR nanoclay composite observations show the
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reduction of key mechanical properties when compared to C-S-H/XSBR composites with the
exception of 0.5% nanoclay.

Figure 36: Stress-strain behavior of C-S-H incorporating nanoclay-modified XSBR
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Figure 37: Mechanical properties of flexural behavior of C-S-H incorporating nanoclay-modified
XSBR

Comparison of optimized nanoparticles contents to C-S-H/XSBR composite without
nanoparticles is displayed in Figure 38. The significant reduction of the modulus of elasticity and
increase of strain at failure for C-S-H incorporating MWCNTs and nanoclay modified XSBR can
be observed. Statistical significance is observed when comparing the mechanical responses of the
nano composites to C-S-H incorporating XSBR. Further manipulation of mechanical properties
were observed when incorporating nanoparticles into the silica binder, showing the ability to
optimize material responses for various applications.
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Figure 38: Comparisons of flexural behavior of C-S-H incorporating nanoparticle-modified
XSBR

With the addition of XSBR, the modulus of elasticity is reduced, stress at failure and strain
at failure is increased along with the toughness (a material’s ability to absorb energy to failure).
These results demonstrate a common trend as the polymer content increases. MWCNTS and
nanoclay also displayed significant increases in ductility with significant increases of stains at
failure and an overall reduction in the modulus of elasticity. Significantly reducing the E and
increasing the strain at failure will limit the propagation of microannulus cracks, thereby limiting
potential leakage pathways under wellbore operating conditions. This occurs as the polymer film
works to bridge tensile cracks under flexural loadings.
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4.2.2 Creep Observation
Normalized creep compliance [J(t)/Jo(t)] curves obtained for the C-S-H composite can be
seen in Figure 39. The materials time-dependent response can be seen as enhanced deformation
under constant stress occurs when XSBR is incorporated into the C-S-H microstructure. The
control specimen of C-S-H incorporating 0% XSBR (Neat), exhibits a stiffer response and time
dependent deformations are lessened. All the specimens that contained XSBR did not show
statistical difference when t-tests were performed. The overall time-dependent strain deformation
and reduction in modulus of elasticity can be seen in Figure 40. The increase in deformation,
over 60 minutes, is immediately proceeded by less recoverable strain once the constant stress is
removed, leading to increased permanent deformation. This effect can be noted as polymers tend
to increase and negatively affect time-dependent deformation under constant loadings.

Figure 39: Normalized creep compliance for C-S-H/XSBR under constant stress
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Figure 40: Creep/Relaxation tests under 6 MPa constant stress

4.2.3 Bond Strength Results
Shear bond strengths of C-S-H to a smooth steel interface were acquired using direct shear
tests are presented in Figure 41. Using the initial assumption of a linear failure criterion and
Mohr-Coulomb principles, when the normal stress is equal to zero, the effective remaining shear
stress is expressed as the shear bond strength of the material. Linear best-fit approximate lines
were acquired from three data points. It can be observed in Figure 42, displaying the tabulated
bond strengths from the direct shear test, the addition of XSBR increases the bond strength of CS-H to a smooth steel interface. The addition of XSBR had an immediate effect on the bond
strength increasing the property by 100% with the incorporation of 5% XSBR. With the addition
of 15% XSBR, the bond strength exceeded an increase of 220%. The property increase shows
58

the direct effects of incorporating XSBR. Good bond between the binder and both steel and rock
are essential for maintaining wellbore integrity. Reducing the probability of microannulus cracks
created by shrinkage and temperature stress fluctuation during operation. It can be concluded that
incorporating XSBR can significantly improve the shear bond strength of C-S-H to steel
interfaces.

Figure 41: Direct shear strength test used to identify the bond strength of the C-S-H
incorporating XSBR atcomposite at σN = 0
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Figure 42: The significance of XSBR content on C-S-H bond strength with steel

4.3 Chemical Characterization
4.3.1 TGA Observations
TGA tests were carried out to approximate the stoichiometric formulas of C-S-H and the
C-S-H/XSBR composite with percent mass loss curves seen in Figure 43 & 44. XSBR also
deteriorates within similar temperature ranges as water disassociates from CH and was accounted
for in the approximate stoichiometric formulas calculated in Table 2. The stoichiometric
formulas show the overall reduction in C/S ratio as the XSBR film slows the formation of C-S-H
as can be seen in Figure 43. Minimal CaCO3 increases were observed along with slight rises in
CH with the incorporation of XSBR. As seen in Figure 44, incorporating 10% and 15% XSBR
produces similar thermogravimetric curves, and statistically there was not a difference in
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stoichiometric formulas when 10% XSBR and 15% XSBR was compared. The described TGA
results seem to indicate the hindrance of C-S-H crystalline propagation while the increase of
water content also increases with higher contents of XSBR. This indicates the polymer film
assisting in retaining inner-layer water allowing for an increase of chemically bound water to the
C-S-H structure. Stoichiometric formulas of the control sample without XSBR, closely matches
published results [21], with a slight reduction in recorded water contents. TGA analysis shows
the 30% reduction of the C/S stoichiometric quantities as XSBR content are increased to 15%.
The results show the hindrance of C-S-H formation and can be attributed to a typical condition
when polymers inhibit cement hydration products.

Figure 43: TGA curves comparing C-S-H neat and C-S-H incorporating 5% XSBR
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Figure 44: TGA curves showing minimal difference when comparing the incorporation of 10%
and 15% XSBR

Table 1: Estimated stoichiometric fomulas and weight percentages of produced compounds
acquired from TGA curves
XSBR content

C/S

x

Neat
5% XSBR
10% XSBR
15% XSBR

1.23
1.08
1.01
0.99

1.31
1.32
1.72
1.83

CH content (%) CaCO₃ content (%)
10.6
10.9
12.2
11.7

2.1
1.9
2.2
2.7

Acquired TGA results of C-S-H incorporating styrene-butadiene polymers shown in the
Figure 45 with stochiometric formulas tallied in Table 2. The C/S ratio remained steady around
1.0 while showing signs of limiting available reactants when compared to the control sample of
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C-S-H without the incorporation of polymers. With the addition of XSBR to the initial slurry
mixture, a slight rise in chemically bound water occurred with a overall increase of 0.224 mol. In
addition, the incorporation of XSBR saw nearly 100% increase in CaCO3. This may indicate recarbonation of the C-S-H surface due to atmospheric contamination. Minimal interference is
caused by the functionalization with carboxylated SBR polymer, as both curves are statistically
similar. Stoichiometric formulas are comparable with the approximate compositions reported.

Figure 45: TGA curves for C-S-H incorporating styrene-butadiene polymers
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Table 2: Standard dried C-S-H composition from TGA, with weight percentages of produced
compounds and estimated stoichiometric formulas of C-S-H.
Polymer
type
SBR
XSBR

Mass loss
(145350°C)(%)
9.15
10.81

C/S
0.95
0.99

x
1.60
1.83

Mass loss
(350500°C)(%)
5.13
4.37

CH content %
9.4
11.7

Mass loss
(600825°C)(%)
2.3
4.54

CaCO₃
content
%
1.7
3.3

TGA curve displayed in the Figure 46 and chemical composition of the C-S-H composite
produced displayed in Table 3 show the thermogravimetric response of C-S-H nano-modified
composites. An increase in CH is noted, when compared to typical chemical compositions
obtained for C-S-H incorporating XSBR. A significant reduction in final C/S production is
observed when C-S-H incorporates nano-modified XSBR. Stoichiometric resultants for C/S
never exceed 0.71 with chemically bound water also reduced when compared to C-S-H/XSBR
composites. The reduction of the C/S ratio directly correlates to the increased CH production as
the nano-modified polymer films reacts with C-S-H. XSBR also degrades within the CH region
and CaCO3 region and was accounted for in stoichiometric calculations. Polymer decomposition
can occur at separate temperature ranges due to separate polymer interactions with the C-S-H
structure as surface and partially intercalated locations have been observed by previous researches
[18,63]. C-S-H incorporating nano-modified XSBR displays a similar behavior as mass loss
regions are observed from 350-400°C and 600-650°C. Accounting for the mass loss between
600-650°C, the CaCO3 content remained under 3% for the nanocomposites.
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Figure 46: TGA curves for nanomodified C-S-H shows a large mass reduction in the CH region
when incorporating nanomodified XSBR

Table 3: TGA curves of nano-modified C-S-H composites
Nanomaterial

C/S

x

CH content (%)

CaCO₃ content (%)

XSBR

0.99

1.83

11.7

3.3

MWCNTs

0.61

1.75

15.6

2.7

Nanoalumina

0.71

1.68

11.2

2.4

Nanoclay

0.61

1.61

12.1

2.1

4.3.2 FTIR Observations
Fourier Transform infrared spectroscopy was used to investigate the chemical interactions
between the C-S-H molecular structure and with carboxyl groups present in XSBR. A control
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sample of C-S-H without the incorporation of polymers, a sample incorporating styrene-butadiene
rubber (SBR), and a sample incorporating carboxylate styrene-butadiene rubber (XSBR) is
displayed in Figure 47. The results depict interactions with the OH and H-O-H bending
vibrations as disrupted peaks are observed when polymers are present. Si-O bending also shows a
positive shift while Si-O stretching vibrations show slight variations as Q1 and Q2 silicate
polymerization is altered with the addition of SBR and XSBR polymers. This concept will be
further elaborated upon in microstructural characterization with NMR. Through FTIR analysis of
XSBR and SBR, it was determined the absence of clear C-C peaks affirmed the presence of
carboxyl groups in XSBR and also displayed residual carboxyl groups present in the SBR
emulsion. Similar spectra are observed when comparing C-S-H/XSBR to C-S-H/SBR
composites likely related to residual carboxyl groups present in the SBR.

Figure 47: FTIR spectra of Neat C-S-H, C-S-H with 15 % XSBR, and C-S-H with 15% SBR
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4.4 Microstructural Characterization
4.4.1 XRDA Observations
XRDA results ae displayed in Figure 48 and depict the formation of crystalline structure
of CH and C-S-H. CaCO3 peaks are likely present but are not identifiable as peaks for CaCO 3
occur in a similar region as C-S-H, typically around 29.5°. Other diffraction signals of CaCO3 are
likely lost to noise and cannot be distinguished within the XRD profile. Commonly identifiable
peaks of C-S-H can be seen at 29°, 32°, and 48° and can be identified throughout the analysis of
specimens. This shows negligible effect on the general formation of C-S-H and verifies the
presence of crystalline formation. CH peaks are identified by the relatively slim spikes seen at
18° and 34° with an additional CH peaks observed at 48°, 51°, and 54.5°. Peaks obtained from
the XRD spectra for C/S=1.5 matched well with published results and coincide with previous
investigations [21,66].

Figure 48: XRDA spectrum of neat C-S-H and C-S-H incorporating varying amounts of XSBR.
Peaks labeled with accosiated crystalline structures.
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4.4.2 NMR Observations
29

Si MAS NMR spectra displayed in Figure 49-52 of C-S-H with a XSBR/(C/S) content

ranging from 0% to 15%, in ascending order. Deconvolution curves are also shown below the
acquired NMR spectra and were used to approximate the fractions of each crystalline phase.
Approximate fractions of each crystalline phase with corresponding stochiometric formulas
displayed in Table 4. Negative shifts in the peaks seen at the vertical lines of -78.9, -82.6, and -85
ppm, represent crystalline connectivity at correlating to Q 1, Q2b, and Q2 silicate connections
respectively, could represent an increase in the degree of silicate tetrahedra polymerization [63].
Q2b represents a single bridging site creating a middle tetrahedron in the polymerized C-S-H
silicate chain that connects the Q2 species and chain-end Q1 species [21,86,87]. Mean chain
lengths (L) remained constant at 2.81±0.07 while values of nc, representing a high degree of C-SH polymerization, decreased from 1.97 to 1.28 with the increase of XSBR content while the
control sample incorporating 0% XSBR coincides with published results [20,21]. Q1 formation
generally increases, while Q2 formation and Q2b bridging sites decrease with the increase of
XSBR content. Reduction in silicate Q2 phases is indicative of the polymer film inhibiting the
formation of Q2 species and limiting bridging of silicate tetrahedra as the C-S-H reaction slows
due to a limited supply of SiO2 and CaO. As the polymer film limits the silica and lime portion
of the reaction by enveloping the crystalline structure, absorbed interlayer water content, noted in
the TGA results, increases. The results demonstrate the microstructural effect of C-S-H
incorporating XSBR.
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Figure 49: 29Si solid state NMR Spectra of C-S-H control sample incorporating 0% XSBR with
deconvolution curves poltted below the data set

Figure 50: 29Si solid state NMR Spectra of C-S-H incorporating 5% XSBR with deconvolution
curves poltted below the data set
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Figure 51: 29Si solid state NMR Spectra of C-S-H incorporating 10% XSBR with deconvolution
curves poltted below the data set

Figure 52: 29Si solid state NMR Spectra of C-S-H incorporating 15% XSBR with deconvolution
curves poltted below the data set
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Table 4: Qn intensities obtained by way of deconvolution of NMR spectra.
C-S-H Formula
C1.2 SH1.3

1

2

2

2

1

Q

Q /Q

nc

L

--

0.305

0.439

1.97

2.88

0.706

0.178

0.115

0.163

1.29

2.83

10%

0.714

0.178

0.107

0.150

1.29

2.80

15%

0.730

0.090

0.180

0.246

1.27

2.74

XSBR %

Q

0%

0.695

C1.1SH1.3

5%

C0.9 SH1.9
C0.9SH2.2

Q

b

29

Si NMR results shown in in Figure 53 depict Q1, and Q2 silicate polymerization, along

with the Q2b bridging sites at -78.9, -85, and -82.6 respectively. Deconvolution analysis was
conducted to approximate the fractions of the crystalline phases and is represented by the dotted
line in Figure 53. When comparing the two C-S-H/polymer composites, L and nc remained
similar with a slight decrease in both properties when incorporating XSBR. As the carboxyl
group is introduced, a slight positive shift occurs within the spectra possibly representing a
decrease in silicate tetrahedra polymerization. More Q2 formations are seen in the SBR possibly
related to the weaker chemical interactions of SBR with C-S-H. The weak interaction between
the SBR polymer matrix and C-S-H could allow the dissipation of inner water layers creating
shielding and crosslinking mechanisms between the C-S-H layers [63]. The incorporation of the
functionalized XSBR shows a noticeable reduction in Q2 phases resulting in a decrease in
polymerization and mean chain lengths. Reduction in Q2 phases indicates enhanced interaction
due to a stronger chemical affinity as the carboxyl group interacts with C-S-H during its reaction,
in turn preventing propagation of Q2 silicate phases.
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Table 5: Qn intensities determine by deconvolution of NMR spectra
C-S-H Formula

1

Q

2

Q

2

b

2

1

Q

Q /Q

nc

L

SBR

0.840

0.048

0.111

0.132

1.16

2.38

XSBR

0.935

0.042

0.023

0.025

1.07

2.14

Figure 53: NMR spectra showing an increase in Q phases when incorporating SBR. The vertical
lines represent Q1, Q2, and Q2b phases at -78.9, -85.0 and -82.6 ppm respectively.

4.4.3 SEM Observations
In an attempt to further explain the shift in mechanical properties, SEM images were taken
of the fractured surface to analysis the microcracking behavior that occurred during testing and
failure of the C-S-H composite. Images with increasing levels of zoom shown in Figure 54-55
depict the microcracking behavior under flexural failure. SEM imaging was employed to provide
visual insight on the physical effects of incorporating XSBR into the C-S-H microstructure. Upon
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analysis of the microcracks, most notably, the surface roughness has increased with the
incorporation of XSBR. With attention directed to the fractures, XSBR can be seen spanning the
microcracks after the specimen experienced flexural failure. This observation corelates the
optimization of mechanical properties experienced during DMA tests. As the specimens undergo
an increasing load rate, the XSBR works to bridge microcracks ultimately improving the
materials ductility indicated by an increase of stain at failure.

Figure 54: Images of C-S-H incorporating 0% XSBR, at zoom interval of 500x, 8000x, and
17,000x from left to right.

Figure 55: Images of C-S-H incorporating 15% XSBR, at zoom interval of 500x, 8000x, and
17,000x from left to right.
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To further explain varying mechanical responses, SEM images acquired of the fractured
surface focused on the polymer film interaction at the microcrack sites of C-S-H/SBR and C-SH/XSBR composites. The images shown below, capture the physical interactions with C-S-H and
SB polymer film as flexural cracks develop during DMA testing. The images show both
polymers effectively spanning the microcracks as failure occurs. A larger quantity of XSBR can
be seen spanning the microcracks resulting in an increased modulus of elasticity, strain at failure,
and ultimate stress. A result of more polymer spanning microcracks can be related to the
enhanced chemical interaction seen as C-S-H incorporates XSBR. As the XSBR interacts
favorable with the C-S-H microstructure, the polymer films work better at effectively spanning
the microcracks as the quantity of polymer spanning these cracks is increased. Results show
favorable microstructural interaction between C-S-H incorporating XSBR when compared to the
C-S-H/SBR composite.

Figure 56: SEM images showing flexural microcracks of C-S-H incorporating SBR
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Figure 57: SEM images of C-S-H/XSBR composite shows considerably more polymer spanning
the microcrack when compared to SBR images.

Micrographs obtained of the fractured C-S-H/nano-modified XSBR composite are
displayed in Figure 58-60 and depict limited polymer interaction with flexural microcracks.
Individual nanoparticles were typically not identifiable and were assumed to be dispersed in the
polymer film. Incorporation of nanoparticles severely limits the microstructural interactions
between the polymer film and the microcrack induced under increasing force. However larger
stains at failure were observed which can be directly attributed to the nanoparticle properties. The
polymer film spanning the microcracks is not evident as in the previous phases and indicates a
unique interaction between C-S-H, nanoparticles and polymer.
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Figure 58: SEM images of microcracks on the surface of MWCNT modified CSH composites
after flexural testing

Figure 59: SEM images of microcracks on the surface of nano-alumina-modified C-S-H/XSBR
composites after DMA testing
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Figure 60: SEM images of microcracks on the surface of nanoclay-modified C-S-H/XSBR
composites after DMA testing

Finally, a hypothesis to explain the chemical and mechanical response of C-S-H
incorporating XSBR is depicted in Figure 61. The proposed hypothesis is an adapted model from
Ohama’s 3-stage model for polymer concrete [33]. Figure 61 shows the non-uniform distribution
of XSBR particles on the initial mix of water, lime and silica that interact to form a crystalline
structure (Phase 0). As the silica tetrahedra form and interact with the XSBR particles, the
propagation of the silicate chains is slowed as the polymer particles become attached to the
crystalline structure described by Phase 1 and 2. Phase 3 describes the condition of a fully
developed polymer film coating C-S-H, reducing the reaction and resulting in limiting C-S-H
production. This results in the new C-S-H/XSBR composite with low elastic modulus and
improved properties including improved bond, reduced elastic modulus and high failure strain. In
addition, the formation rate of the XSBR polymer is much quicker than that of C-S-H formation
rate. The polymer film is shown to limit key reactants which can limit C-S-H production. The
hypothesis also develops the idea to control polymer formation rates by adding polymers to
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synthetic silica-based binders at a later time during the mixing process.

The new proposed

synthesis method and binder might open the door for a new family of silica/polymer binders for
other engineering applications that would benefit from low modulus binder with improved
mechanical behavior.

Figure 61: Schematic representation of XSBR inhibiting the formation of C-S-H as it coats the
silicate tetrahedra
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Chapter 5 Conclusions

The above research investigations produced methods and techniques for engineering and
synthesis of polymer-modified silica-based binders for infrastructure and wellbore applications.
C-S-H was synthesized with an initial C/S ratio of 1.5 while incorporating 0-15% of carboxylated
styrene-butadiene (XSBR) rubber at the initial mixing stage. Furthermore, we compared the
behavior of C-S-H incorporating SBR versus XSBR. We also examined C-S-H incorporating
nano-modified XSBR. Vacuum filtering and a 11% RH drying technique was enacted to prepare
the binder for physical, mechanical, chemical, and microstructural characterization. Compaction
levels of 400 MPa, implemented for physical and mechanical characterization, showed typical
loading and unloading curves when compared to previously published research. Densities with
high levels of compaction pressure were able to produce similar densities found for C-S-H in situ
in hydrated cement and align with observations stated in literature. Furthermore, densification of
polymer-modified C-S-H occurs with the addition of nano-alumina and nanoclay
Mechanical tests carried out demonstrate the ability to control and manipulate key
properties such as strain at failure, modulus of elasticity, modulus of toughness, and ultimate
strength. The incorporation of XSBR into silica-based binders shows promise for wellbore
applications. Microannuli formation and shrinkage cracking can be mitigated as the new polymer
modified C-S-H increases elastic responses and reduces the chance of tensile failures shown by a
significant reduction in modulus of elasticity and significant improvement of strain at failure.
Mechanical effects were observed when comparing C-S-H/XSBR and C-S-H/SBR composites.
In addition, mechanical observations of C-S-H incorporating nano-modified polymers showed
further abilities to manipulate mechanical properties as materials such as MWCNTs records strain
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at failure consistently above 1.5%. On the other hand, visco-elastic/plastic investigations showed
XSBR-modified C-S-H to have higher creep when compared with neat C-S-H.
Chemical analysis confirmed stochiometric compositions reported by past researchers.
Chemical analysis also showed the polymer effect of incorporating XSBR and SBR into the C-SH chemical composition. Comparison of XSBR and SBR showed statistical insignificance when
comparing the stoichiometric effects of XSBR to that of the non-functionalized SBR. FTIR
observations comparing XSBR to the SBR composites were inconclusive due to residual carboxyl
groups present in the non-carboxylated emulsion. An obvious deviation in chemical response
occurred with the incorporation of polymers and nano-modified polymers. In general,
stochiometric ranges for C/S ratios decreased with the addition of polymers. However, a sharp
decrease in the C/S ratio was observed when nanoparticles were incorporated. As the polymer
film cures and envelopes the microstructure of C-S-H, the incorporation of XSBR polymer
chemically inhibits the reaction needed to produce C-S-H. The polymer film is thought to limit
CaO and SiO2 reactions while increasing the levels of chemically bound water as the
impermeable polymer film restricts chemical interaction and water transport.
Microstructural observations from XRDA showed the presence of C-S-H and typical CH
peaks observed in XRD spectrographs described in literature. Confirmation of C-S-H crystalline
structures with the incorporation of XSBR polymers were observed with no indication of
detrimental microstructural effects due to the addition of polymers. NMR spectra confirm
complete reactions during mixing, showing complete utilization of silica by the lack of Q0 peaks,
as only Q1 and Q2 silicate bonds are observed. NMR investigations also showed the formation of
Q1, Q2, and Q2b silica connections reported in by previous researchers. Control samples of C-S-H
without the incorporation of XSBR polymers aligned with percent fraction of silicate phases
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reported in literature. Microstructural effects were apparent as Q2 silicate phases were seemingly
limited once again by the presence of the polymer film. Q1 silicate phases dominated the volume
fractions obtained for the C-S-H modified with XSBR polymers indicating the inhibition of
silicate chain propagation while showing an overall negative chemical shift as the polymer film
limits interactions and thus reduces the degree of silicate polymerization.
SEM micrographs showed the polymer film’s physical interaction with the microstructure
of C-S-H and bridging of microcracks due to flexural/tensile stresses. SEM images depict a
complex interaction directly correlating changes in mechanical responses observed. The
incorporation of polymers is shown to increase material roughness when looking at the fractured
surface after flexural failure. The polymer film directly affects microcracks as the film works to
mitigate tension crack propagation.
Primary contribution of this work includes the understanding and characterization of
polymer-modified silica-based binders and ways to engineer critical mechanical and chemical
responses applicable to various applications. Little research has been the focus of XSBR polymer
interactions with critical hydration products such as C-S-H. As polymer concrete additives are
more prevalent in an ever-evolving field of polymer concrete and civil engineering, the
characterization of polymer interactions with C-S-H becomes increasingly important. The
investigation of mechanical and chemical responses lays an important basis also for development
of future work consisting silica-based binders for 3D printing in infrastructure applications.
Considerable efforts were made to identify and standardize the process for synthesizing
repeatable polymer-modified C-S-H composites with the ability to manipulate specific properties
used to optimize material response under various conditions. Future work could further
investigate the mechanism behind the difference between C-S-H/XSBR and C-S-H/SBR
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composites with focus directed towards carboxyl group interaction with the C-S-H chemical
structure. In addition, investigators could control shrinkage, flowability, printability and other
parameters critical for 3D printing. Furthermore, the rate formation of the polymer film could be
adjusted with implementation of additives, various polymers and by simply delaying the time in
which polymers are added. This allows the rate of hydration to progress further while mitigating
the polymer film from limiting the reactants needed to form C-S-H. Further modifications
incorporating various polymers, nanomaterials might be considered to obtain a functional material
for wellbore, infrastructure and 3D printing applications. Development of sustainable techniques
of including the calcium portion of the silica-based binder should also be implemented to
substantially reduce the carbon footprint of producing such binders. Focus of sustainability is key
as implications of climate change impact communities around the world. Replacing lime with
other carbon neutral components might be a step in creating a sustainable silica-based binder for
civil engineering applications.
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